Acoustic radiation force impulse (ARFI) elastography is a reliable diagnostic device for quantitative non-invasive assessment of liver fibrosis in patients with chronic liver disease. The aim of our prospective study was to evaluate the impact of ARFI in patients after orthotopic liver transplantation (OLT). Therefore, we compared ARFI shear wave velocities with clinical features, non-invasive markers, and the histology of patients following OLT.
Background
Noninvasive imaging techniques for staging of liver fibrosis have become increasingly popular in patients with chronic liver disease. Although liver biopsy is the criterion standard for assessment of morphological liver alterations, it has the disadvantages of an invasive procedure with rare but clinically relevant complications. In addition, technical aspects such as sampling errors, small portal tract count, and variabilities among pathologists must also be taken into account. It has been shown that transient elastography (TE) and acoustic radiation force impulse (ARFI) are reliable techniques for diagnosing and excluding liver cirrhosis. In the clinical management of transplant patients, the value of these techniques, especially the role of ARFI, is not yet well established. Continuous improvements in surgical techniques and immunosuppression regimens have greatly improved the long-term results after liver transplantation. However, some patients develop acute complications after surgery (e.g., stricture of anastomosis, infections, acute rejection) or chronic complications during immunosuppressive treatment (e.g., chronic rejection, disease-relapse, drug-induced renal or hepatic complications) [1, 2] . High liver stiffness (TE) due to advanced fibrosis is accompanied by hepatic complications, mortality, and potentially the need for re-transplantation [3, 4] . Postoperative B-mode and Doppler US are standard procedures for the assessment of liver graft complications. Based on the combined information of abnormal laboratory findings, US findings and clinical symptoms liver biopsy (LB) can be indicated. Whether the assessment of liver stiffness is helpful for the management of post-OLT patients is currently unknown. Some studies have shown a correlation of TE with non-viral graft disease, rejection, and grade of fibrosis in patients with recurrent viral hepatitis C with or without antiviral treatment after OLT [5] [6] [7] . ARFI imaging is a promising US-based elastography device, which is based on short experience in the follow-up of post-OLT patients [8] [9] [10] [11] . In contrast to TE, ARFI is not limited in patients with ascites and severe obesity due to technical failures [12] . ARFI is included in a conventional ultrasound machine and it can therefore be performed during a conventional B-mode examination of post-OLT patients (Figure 1 ). In this prospective study we analyzed ARFI-values in asymptomatic and symptomatic patients following OLT and correlated the results with invasive and non-invasive parameters of fibrosis and clinical condition.
Material and Methods

Patients
Between May 2012 and May 2014, consecutive patients after OLT were recruited for the study during their follow-up visits. Patients were asked to participate in additional assessment of ARFI elastography. One patient had to be excluded because the ARFI-examination was unable to produce reliable values. A total of 58 patients were able to be considered for further evaluations. Prior to patient enrollment, the local ethics committee approved the project and the prospective study was registered (ClincalTrials.gov Identifier: NCT01664780). Written informed consent was obtained from all the patients. Descriptive data (sex, age, body-mass-index (BMI), period of time since the OLT, cause of liver failure or end-stage liver disease prior to OLT, and current immunosuppression) and blood samples (total bilirubin, AST, ALT, g-GT, AP, albumin, and platelet count) were evaluated. Thereafter, the aspartate aminotransferase-to-platelet ratio index (APRI) was calculated as a noninvasive parameter for liver fibrosis [13] (Table 1) . B-mode US examination of the abdomen and Doppler measurements (peak systolic velocity and resistance index (RI) in the hepatic artery and the mean portal vein velocity) were performed A B 
ARFI-assessment
ARFI is a device integrated in a conventional US system. Elastometry can be performed during real-time B-mode US with a single transducer of the Acuson S2000 US system (Virtual Touch™ Tissue Quantification, Siemens Acuson S2000, Siemens Medical Solutions, Erlangen, Germany). A quadratic cursor with a size of 10×5 mm representing the anatomic region of interest to be measured is placed in the requested area of the liver parenchyma. At the push of a button a short-duration acoustic pulse is transmitted, which leads to localized tissue displacement and consecutive shear wave propagation away from the area of excitation. The share wave propagation velocity (expressed in m/s) is proportional to the square root of tissue elasticity within the cursor [12, 14] .
All patients in our study were in the fasting state and followed the instruction for a relaxed breathing arrest. ARFI imaging was performed on the same day as the clinical examination and blood withdrawal with a curved array transducer (6C1HD; 4 MHz) of the Acuson S2000 US system. Ten valid measurements in the left (Segment III) and right (Segment VII) hepatic lobe could be achieved in all patients, avoiding large vessels or bile ducts [15] . The time needed to perform all ARFI measurements was approximately 5-10 min.
Liver biopsy, histological grading, and staging
Liver fibrosis shows slow progression and implies potential complications (e.g., risk of significant bleeding, pain). Therefore consistent LB was not an inherent part of the study protocol due to ethical reasons (especially for asymptomatic patients) and was performed if indicated in patients with suspected graft damage. The histological data of 22 patients was available for further analysis. Biopsy had been performed sonographically guided with a core tissue needle (external diameter 18G; 2.2 cm sample notch) in our department. Biopsy specimens of all patients were fixed in formalin (10%) and analyzed by an experienced pathologist, in the Institute of Pathology, University Hospital Erlangen. The Ludwig score [16] classification was used for graduation of the degree of fibrosis (F0=no fibrosis, F1=minimal portal fibrosis, F2=moderate periportal fibrosis with no architectural distortion, F3=substantial septal fibrosis with architectural distortion, and F4=liver cirrhosis). , and an inhomogeneous texture of the parenchyma [n=23 (40%)] were most commonly found. The peak systolic velocity of the hepatic artery was 60.1 cm/s ± 21.4 (range 30-138) with a mean RI of 0.69±0.10 (range 0.4-0.9), and a mean portal vein velocity of 28.7 cm/s ±12.8 (range 13-78). A statistically significant correlation of mean ARFI values was found with the age (r=-0.35, p<0.05) and BMI (r=-0.40, p<0.05). In addition, a good correlation of the most important laboratory parameters such as bilirubin (r=0.45, p<0.001), AST (r=0.52, p<0.001), ALT (r=0.44, p<0.001), g-GT (r=0.33, p<0.05), and AP (r=0.42, p<0.05) could be proven. The APRI score as a non-invasive parameter for liver fibrosis correlated well with the mean ARFI velocity in the right liver lobe (r=0.44, p<0.001). The mean ARFI shear-wave velocity in our cohort (n=58) was 2.00±0.93 m/s (range 0.71-4.31) in the left liver lobe and 1.39±0.63 m/s (range 0.75-3.74) in the right liver lobe, and a significant difference of shear-wave velocity between both liver lobes was detected (p<0.001). Out of all patients, ARFI values were significantly increased in case of cholestasis and active viral hepatitis (Figure 2 ). Histopathological findings of 22 patients were available for further analysis in our cohort. Nine patients (15.5%) had a rejection, 10 patients (11%) had a distinct inflammation, and 5 patients (7%) had a significant fibrosis (³F3). The histological fibrosis score [16] Tables  1 and 2 , and Figure 2 . The results of ROC analysis for the assessment of diagnostic accuracy of ARFI considering staging of liver fibrosis are displayed in Table 3 and Figure 3 . The diagnostic performance of ARFI for the prediction of advanced fibrosis (³F3) was significant, assuming an ARFI cutoff value of 2.02 m/s (AUC 92.9%; p=0.004; sensitivity 100%, specificity 88%).
Statistical analysis
Discussion
The results of our study show the significant correlation between ARFI values and liver fibrosis during follow-up examinations of post-OLT patients. We demonstrated the distribution of ARFI values for the distinction of different fibrosis stages. Furthermore, a clear correlation of ARFI and noninvasive laboratory markers of inflammation and fibrosis was found.
Non-invasive methods such as the ARFI or TE have increasing importance in the surveillance of patients following OLT as part of the daily routine and also as a supplement for clinical examination and laboratory diagnostics [7] . Assessment of fibrosis can be examined quickly and non-invasively for this group of patients by elastography. There is an extensive amount of data published on this subject, especially in patients with existing hepatitis C infection; TE was primarily used for investigation in post-OLT patients [6, [17] [18] [19] [20] [21] [22] . However, it should be noted that TE has some limitations. It is dedicated to specific equipment not included in an US machine, measurements are based on M-and A-mode imaging, but no B-mode information is available. Measurements of TE are difficult in patients with severe obesity and impossible in patients with ascites. ARFI is included in a conventional US machine; therefore, B-Mode information and the elastography measurement can be performed quickly using a single device and can thus expand the range of statement against TE [8, 23] . The US-guided device makes it possible to identify the most appropriate place for the elastographic measurements and thereby enables valid results to be achieved in the majority of patients [24] (Figure 1) . Thus, it seems to be obvious to apply ARFI imaging in the posttransplantation settings. A combination with noninvasive parameters may even improve sensitivity and specificity [10, 25] .
The aim of this prospective study was to evaluate the ARFI method on a routine collective of patients with successful liver transplant due to different underlying diseases and to correlate these findings with clinical parameters such as laboratory results and histology. US is the most frequently used imaging modality to assess acute or chronic post-transplantation complications. Beside the presentation of the parenchymal pattern, the structure of the biliary and vascular system shows various postoperative alterations. In the early postoperative condition, 
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foreign material and reperfusion of the donor organ might lead to a temporary reduced gray-scale texture and inhomogeneity of the liver parenchyma. Echogenic reflexes might appear as a result of air-trapping, hemorrhage, or thrombotic material along the portal venous system. These factors also have an influence on objective parameters of Doppler US. In the most common biliary complications of anastomotic stenosis, ischemic type biliary lesions and postoperative biliary leakage are the focus of the sonographer. Although high-resolution imaging in real-time is feasible by US and despite the fact that it is able to provide a high level of specificity, low sensitivities of approximately 60% are reported, with limitations to its application in this regard [26] . Many of the structural changes are reversible or are not representable by US (e.g., the recipients' part of the common bile duct or hepatic artery). They therefore might provide unreliable parameters for the estimation of a possible graft injury and lead to a high rate of false-positive results and the need for further diagnostics [8, 17, 23, 27] . In our study, 47% of the allografts showed an irregular surface, 40% showed inhomogeneous parenchyma, 38% showed irregular hepatic veins, 31% showed an enlarged liver, and 12% showed cholestasis (10 patients with anastomotic stenosis, including 7 with obstruction of the bile ducts and consecutive cholestasis). ARFI-values correlated well with laboratory markers Table 3 . ROC analysis for the diagnostic accuracy and cut-offs of ARFI velocities for evaluating the stage of liver fibrosis. (Table 2) . Therefore, increased ARFI-values in patients with cholestasis or active viral hepatitis could be misinterpreted as existence of significant liver fibrosis [23] . On the other hand, this could be an advantage in the follow-up of patients with a surprising increase in ARFI values. Since the appearance of significant obstructive cholestasis or viral activity could be detected early, further treatment could be initiated in time.
In the current study, the ARFI values also correlated significantly with patient characteristics such as BMI and age, but especially with the level of liver enzymes (AST, ALT, g-GT, AP, bilirubin) and APRI. These expected results could be verified because the liver stiffness correlated in previous studies using ARFI or TE following OLT not only with the fibrosis stage, but also with necroinflammatory activity, cholestasis, steatosis, and cellular rejection [7, 8, 28, 29] . In patients with HCV-infected liver transplants (n=56) Corradi et al. [21] prospectively compared noninvasive fibrosis tests, such as ARFI, Forns, Benlloch, and the Doppler resistance test with TE. Here, a correlation with the test results and elastography measurements was observed, leading to the identification of ³F2 fibrosis in the elastography with very high accuracy. This superiority of elastography compared with non-invasive laboratory tests has also been confirmed in other studies [17, 18, 20] . In a study of 124 patients with successful liver transplantation for chronic hepatitis C, an excellent correlation between the histological stage of fibrosis and liver stiffness could be determined by means of TE, showing a cut-off of 8.7 kPa with a sensitivity and negative predictive value of >0.90 in all cases [30] . These results were confirmed by several complementary studies and 2 systematic reviews. Based on these study results, the cut-off values for the detection of patients with >F2 fibrosis vary between 7.9 and 10.1 Therefore, the recommendations for ARFI measurements in the right liver lobe (in Segment VII) should also be respected in post-OLT patients [23] .
In our cohort we found mean ARFI values of 2.85±0.90 m/s for patients with ³F3 fibrosis, while the shear wave velocities in patients with F0-2 fibrosis were significantly lower (1.57±0.57 m/s). Thus, a clear differentiation between low-and high-grade fibrosis after OLT seems to be possible. Several studies in non-transplant patients have reported that ARFI imaging provides good diagnostic performance and excellent accuracy for assessing hepatic fibrosis in chronic liver disease [33, 34] . For fibrosis staging by ARFI elastography in post-OLT patients, only short experience is available [8] [9] [10] [11] .
Heterogeneous patient collectives (etiology, comorbidity, and disease course) in the post-transplant cohort hinder the comparison and realization of large prospective clinical studies. However, Liao et al. [11] recently presented a satisfactory correlation of ARFI values and fibrosis stage. The AUC for early fibrosis (³F1) was 72.1%, assuming the ARFI cutoff value of 1.058 m/s (sensitivity 95.5% and specificity 25.7%). A limitation of the study is the small amount of advanced fibrosis (n=3 for ³F2; total n=57) and the absence of cirrhotic (n=0 for F4) patients after OLT. Focusing on the results of our study, the areas under the ROC curves for patients with advanced fibrosis (³F3) and cirrhosis (³F4) were 92.9% and 80%, respectively ( Figure 3) . Thereby, the cutoff values are arranged discretely higher (Table 3) .
On the basis of our data, we can show that post-OLT patients present higher absolute ARFI values compared to the normal population. OLT patients with elevated liver enzymes, cholestasis, acute viral hepatitis, and fibrosis show significantly increased ARFI velocities. Therefore, ARFI-values must be interpreted within the context of serum tests and the clinical condition.
Conclusions
In patients after OLT, ARFI imaging quickly provides information on liver fibrosis during on-site examination, irrespective of unclear grey-scale or Doppler US parameters. Therefore, unnecessary diagnostics and interventions in cases involving low values might be reduced in the clinical context. In summary, ARFI is a promising additional tool in the daily routine care of patients after OLT. For this to be verified, it is necessary that further validations in patients after OLT should be carried out in larger collectives.
